Due to its intermediate complexity and its sophisticated genetic tools, the larval brain of Drosophila is a useful experimental system to study the mechanisms that control the generation of cell diversity in the CNS. In order to gain insight into the neuronal and glial lineage specificity of neural progenitor cells during postembryonic brain development, we have carried an extensive mosaic analysis throughout larval brain development. In contrast to embryonic CNS development, we have found that most postembryonic neurons and glial cells of the optic lobe and central brain originate from segregated progenitors. Our analysis also provides relevant information about the origin and proliferation patterns of several postembryonic lineages such as the superficial glia and the medial-anterior Medulla neuropile glia. Additionally, we have studied the spatio-temporal relationship between gcm expression and gliogenesis. We found that gcm expression is restricted to the post-mitotic cells of a few neuronal and glial lineages and it is mostly absent from postembryonic progenitors. Thus, in contrast to its major gliogenic role in the embryo, the function of gcm during postembryonic brain development seems to have evolved to the specification and differentiation of certain neuronal and glial lineages.
Introduction
Uncovering the mechanisms that control the generation of cell diversity in the CNS is a fundamental objective in Developmental Neurobiology. Due to its intermediate complexity and its sophisticated genetic tools, the larval brain of Drosophila is becoming a useful experimental model to study these mechanisms. For instance, the larval brain has been recently used to study the mechanisms that regulate the asymmetric division of neural progenitor cells (Betschinger et al., 2006; Lee et al., 2006; Slack et al., 2006) and their relation to tumorigenesis (Caussinus and Gonzalez, 2005; Bello et al., 2006) . Nevertheless, to take full advantage of this experimental system it is essential to better understand the cell lineages present in the larval brain and how they proliferate.
The development of the Drosophila CNS takes place in three phases. During the embryonic period, individual progenitors generate small populations of primary neurons and/or glial cells that give rise to the functional larval CNS (reviewed by Goodman and Doe, 1993; Urbach and Technau, 2004) . This is composed of a pair of brain hemispheres and a ventral ganglion (see Fig. 1A ). The adult optic lobe develops from the most lateral part of each hemisphere while the central brain (CB) ganglia develop from the most medial parts, the CB primordia. During the larval and early pupal period (the second phase), a number of progenitor cells that remain quiescent since the end of embryonic development re-enter the cell cycle to generate large secondary populations of neurons and glia (reviewed by Meinertzhagen and Hanson, 1993; Truman et al., 1993) . During the metamorphosis (third phase), secondary neurons differentiate and establish connections to form the adult brain (Truman et al., 1993) .
Several types of neural progenitor cells can be distinguished in the Drosophila embryonic CNS: Neuroblasts (NBs) that generate only neurons, glioblasts (GBs) that only give rise to glia; and neuroglioblasts (NGBs) that yield both neurons and glia. Most embryonic progenitors undergo several asymmetric divisions, each one yielding a new progenitor and a smaller daughter cell, the ganglion mother cell (GMC). This is usually followed by a single division of each GMC, generating two post-mitotic cells (reviewed by Doe and Skeath, 1996) . A large proportion of embryonic CNS lineages contain both neurons and glia, and it seems that most glia are generated by NGBs (Bossing et al., 1996; Schmidt et al., 1997; Schmid et al., 1999) .
The neuronal vs. glial cell fate decision is regulated in the embryonic CNS of Drosophila by two homologous genes that encode transcription factors: gcm (glial cells missing) and gcm2 (reviewed by . These genes regulate the development of nearly all Drosophila embryonic glial cells. gcm is expressed in embryonic CNS precursor cells and activates the glial cell fate program that generate glial cells (reviewed by Freeman et al., 2003) . Thus, glia become neurons in gcm mutants, whereas misexpression of gcm and gcm2 transforms most neurons into glia (Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) . The cell fate decision takes place in NGBs and GMCs through the asymmetric distribution of gcm between the daughter cells (Akiyama-Oda et al., 1999; Bernardoni et al., 1999; Udolph et al., 2001) .
The glial cells of the Drosophila CNS have been classified into three classes: neuropile glia that ensheath the neuropile compartments and neurite tracts; cortical glia that wrap around neuronal somata and neuroblasts; and surface (subperineurial) glia that create sheath-like processes around the brain (Ito et al., 1995) . The number of glial cells in all three classes increases more than four times during larval development (Pereanu et al., 2005) .
The developmental patterns of proliferation have been studied in the larval CNS (White and Kankel, 1978 ; Truman and Bate, 1988; Hofbauer and Campos-Ortega, 1990; Prokop and Technau, 1991; Ito and Hotta, 1992; Ito et al., 1997) . As a result, it is known that each optic lobe develops from a cluster of 30-40 progenitor cells (Green et al., 1993) that increase in number during the second larval instar (Hofbauer and Campos-Ortega, 1990 ). Afterwards, this cluster splits into two proliferative epithelia called OPC (outer proliferation center) and IPC (inner proliferation center) (White and Kankel, 1978) . During the third instar stage, OPC and IPC progenitors gradually switch from symmetric to asymmetric divisions similar to those of embryonic NBs. (Ceron et al., 2001) . During the mid third larval instar stage, the Lamina progenitor cells (LPC) segregate laterally from the OPC forming an independent anlage (White and Kankel, 1978) . These anlagen (LPC, OPC and IPC) generate the adult Lamina, Medulla and Lobula, respectively (see Fig. 1C for a schematic representation). Scattered progenitors located in the most medial side of the larval brain hemispheres generate the CB secondary lineages (Ito and Hotta, 1992; Ito et al., 1997) . Most of these CB progenitors proliferate from the end of first larval instar until 20 h after pupation (Ito and Hotta, 1992) . In addition to these proliferation studies, extensive work has been carried out in recent years on larval brain morphogenesis (Dumstrei et al., 2003; Nassif et al., 2003; Younossi-Hartenstein et al., 2003; Pereanu et al., 2005; Pereanu and Hartenstein, 2006; Younossi-Hartenstein et al., 2006) . Nevertheless, with the exception of the development of the visual system (reviewed by Kunes and Steller, 1993; Clandinin and Zipursky, 2002) , little is known about cell fate, lineage specificity, and the characteristics of postembryonic CNS progenitor cells. This prompted us to carry an extensive clonal analysis of gliogenesis and neurogenesis during larval brain development. Our results led us to conclude that during larval development, most neurons and glial cells originate independently from NBs and GBs, respectively. This clonal analysis also helped us to identify the origin of several lineages and to get insight into their proliferation patterns. In addition, our analysis of the expression pattern of gcm in the larval brain suggests an evolutionary diversification of its developmental roles.
Results

Clonal analysis of postembryonic gliogenesis and neurogenesis in the Drosophila larval brain
In order to study cell lineages and to determine proliferation patterns, we have carried out a clonal analysis during larval brain development using the MARCM technique (Lee and Luo, 2001 ; see Materials and methods for details) that permits a fine temporal control of mitotic clone induction. Clones were generated at the L1, L2, early L3, and medium L3 larval stages (approximately 26, 50, 70 , and 80 h after egg laying; AEL) and larval brains were analyzed at the late L3 stage. Most postembryonic gliogenesis (Pereanu et al., 2005) and neurogenesis (Hofbauer and CamposOrtega, 1990; Ito and Hotta, 1992) appear to begin at the second larval instar and to increase rapidly during the third larval instar. Accordingly, most of the clones analyzed were generated at 50, 70 and 80 h AEL. The primary visual system (LPC and GPC anlagen) and ventral ganglion, were excluded from our study since clonal analyses of these regions have been performed previously (Winberg et al., 1992; Dearborn and Kunes, 2004; Truman et al., 2004) . The remaining clones identified were classified into five principle types according to their location and morphology: CB, OPC, LPC-OPC, CB-ME radial, and superficial.
The size, morphology, and time of appearance of the clones were highly dependent on the proliferative region (see Fig. 1 for a schematic representation). Thus, most clones found in the CB region were large clones resembling bunches of grapes (Fig. 1D-F-a) . Clones located in the OPC were only generated after L2 stage and their morphology changed significantly over time. Thus, when generated in early stages the clones typically occupied a broad band ( Fig. 1D-b ), whereas at later stages they consisted of a rather thin stream of radially orientated cells (Fig. 1E-b) . At intermediate stages, some clones were found crossing the LPC-OPC border (Fig. 1E-c) and accordingly, they were named LPC-OPC clones. A fourth type of clone that was generated at the early third instar stage consisted of a thin stream of cells running radially between the border of the CB region and the developing ME neuropile, underneath the OPC (Fig. 1E and F-d) . Because of their shape and orientation, we named them CB-ME radial clones. Clones with an irregular stellar shape were frequently found at all locations on the surface of the brain and accordingly, they were called superficial clones (Fig. 1D-F-e) . In general, the size (number of cells) of all types of clones decreased as they were generated at later larval stages.
After their morphological study and classification, clones were analyzed immunocytochemically for the expression of REPO and ELAV, molecular markers for glial cells and neurons, respectively. The results of these studies are summarized in Table 1 . Examples of each type of clone are shown in Figs. 2-5 where each clone is depicted within the standard three-dimensional representation of the larval brain hemisphere shown in Fig. 1C .
Typical CB clones contained a variable amount of ELAV expressing cells and one large ELAV/REPO negative cell located at one edge of the cluster (Fig. 2B1 ). These large cells were characterized as neural progenitors by the expression of cell cycle markers and the incorporation of BrdU (see Supplementary Fig. 1 ). It must be emphasized that although a few REPO positive cells were always found in very close proximity to these clones, they were most often excluded from them ( Fig. 2B1-2 ). Therefore, we concluded that most large CB clones were entirely neuronal. This was also the case when clones were generated in early larval stages (see Supplementary Fig. 2 ). Only a small proportion of CB clones (6/54) contained both ELAV and REPO positive cells ( Fig. 2C and C1 ). These mixed clones were restricted to the dorso-posterior CB area and contained 40-50 ELAV positive cells and 1 REPO labeled cell. Additionally, we found small CB clones that harbored a few REPO expressing cells and a single progenitor, and lacked ELAV expressing cells ( Fig. 2D and D1 ). OPC clones contained a variable number of NBs located at the surface of the lobe and a stream of ELAV labeled cells running radio-laterally underneath the NBs ( Fig. 3B and B1). As the cells move away from the surface they begin to express ELAV. Both NBs and ELAV labeled cells decreased in number as the clone was generated at later times. OPC clones always lacked of REPO expressing cells. Therefore, we concluded that the OPC lacks GBs and NGBs. LPC-OPC clones harbored a few large progenitor cells that were situated tangentially in the LPC and 40-60 ELAV labeled progeny facing either medially towards the OPC and laterally towards the Lamina (Fig. 3C1a) or sometimes, only medially towards the OPC (Fig. 3C1b) . These clones were very abundant in early third instar stage. Thus, one may tentatively conclude that in addition to the lamina neurons, LPC progenitors give rise to some ME neuronal lineages at this stage.
The CB-ME radial clones consisted of a thin stream of cells running radially between the ME neuropile and the CB (Fig. 4A-C) . When generated early in the third instar, these clones contained a few large unlabeled putative precursor cells that were located close to the CB primordia border and underneath the OPC. These clones also contained ELAV positive cells that project to the ME neuropile and REPO labeled cells distributed along the neuronal projections to the ME neuropile ( Fig. 4B1-1 00 ). On the other hand, when generated in mid third instar larvae onwards, these clones contained only large putative precursor cells and REPO positive cells. Interestingly, the REPO cells located close to the ME neuropile exhibited elongated shapes (Fig. 4C1-1 00 , arrowheads), suggesting a migratory nature. Together, these results strongly suggest that during the third larval instar some progenitor cells located near the CB-OPC border give rise first to neurons that project to the ME neuropile and later, to glial cells that migrate towards the ME neuropile following the neuronal projections.
What we have named superficial clones were comprised of a variable number of flattened REPO positive cells and putative precursor cells that extended a thin net of processes on the surface of the brain (Fig. 5A-C) . These clones always lacked ELAV labeled cells and contain exclusively subperineurial glia. In order to localize the progenitor cells that may give rise to these superficial glia, we carried out immunocytochemical analyses with cell cycle markers. Interestingly, we found that 1.5% (9/644, 4 brains) of the superficial REPO-labeled cell expressed the mitotic marker phosphorylated-histone 3 (PH3, Fig. 5D ). Although small, this is a significant proportion since these cells made up around the 25% of total superficial PH3-labeled cells. Therefore, we conclude that at least part of these superficial glia proliferate. (C) Partial confocal projection through a third instar optic lobe that contains two clones located across the LPC-OPC border. (C1) A higher magnification shows that these two clones contain several putative NBs tangentially orientated in the LPC and progeny that are radio-medially orientated towards the OPC. The clone 'C1a' also contains radio-laterally progeny orientated towards the LA neurons (LAN). Note that among the progeny, only those cells located far from the LPC NBs express ELAV.
Expression of gcm in the larval brain
The apparent segregation of neuronal and glial lineages inferred from our mosaic analysis (see Section 3) prompted us to study the possible spatio-temporal relationship between gcm expression and gliogenesis in the CB and optic lobe primordia. For this purpose, we took advantage of the gcm-lacZ rA87 (abbreviated, rA87) line which has been shown to reproduce the endogenous pattern of gcm expression in the embryo (Jones et al., 1995; Hosoya et al., 1995; Vincent et al., 1996) Using this approach, the long half-life of beta-Galactosidase (bGal) helps to label not only putative gcm-expressing progenitors but also their progeny.
As shown in Figs. 2B, 4B, and 5B, glial cells are scattered among clusters of neurons within the larval CB primordium. In contrast, GCM expression in the larval CB was restricted to a single cluster of about 6-8 rA87 positive cells in second instar larvae (Fig. 6A ). This cluster grew in size, reaching 40-50 cells by the L3 larval stage ( Fig. 6B and C) when it is located close to the optic lobe surface at a anterior-ventral position ( Fig. 6D and E) . Strikingly, all these rA87 positive cells were co-labeled with ELAV whereas none of them co-expressed REPO (Fig. 6C1) . Moreover, they did not express the NB marker MIR and they did not incorporate BrdU (Fig. 6E and F1-4) . Thus, our results fit with the expression of gcm in postmitotic neurons of a single CB neuronal lineage.
Based on the expression of GCM and REPO, we observed two distinct groups of glia in the developing ME neuropile. In the most lateral-posterior side of this neuropile, the glial cells do not express GCM whereas in the most anterior-medial side, glia co-expressed GCM and REPO (Fig. 7A) . Thus, one may conclude that gcm is differentially expressed in these two groups of ME glia. For the sake of simplicity, we will call these two groups of cells lateral and medial ME glia, respectively. Based on the co-expression of REPO and the lack of cell cycle markers close to the ME neuropile (not shown), we concluded that the medial ME GCM-positive cells are post-mitotic glia. The question arises as to where these glial cells originate Fig. 6 . Relationship between GCM expression and postembryonic neurogenesis in the CB. Partial confocal projections (6-9 lm) through the brain hemisphere of a second instar (A), early third instar (B), and mid third instar (C) rA87 larva showing immunolabeling for beta-Gal, ELAV, and REPO. Note how the number of cells in the cluster of beta-GAL positive cells located in the CB region (dashed box) increases and moves to more lateral position as the optic ganglion grows during larval development. In the third instar larval brain most (if not all) of these CB beta-GAL positive cells co-express ELAV (C1 0 ) whereas all adjacent REPO positive cells lack beta-GAL immunostaining (C1 00 ). (D) Confocal projection of a whole brain hemisphere taken from a ventro-anterior aspect of a rA87 late third instar larvae immunolabeled for beta-Gal, BrdU, and MIR. (E) Partial confocal projection over 48 lm of the ventro-dorsal orientation following the plane indicated by a dashed line in 'D'. The image shows the stream of beta-GAL labeled cells that originate near the surface of the optic lobe and close to the OPC border (arrowhead). F1-F4, Four consecutive optical sections of the same clone as shown in 'E', taken from the surface inwards along the anterior-posterior axis. Note that close to the optic lobe surface (F1), the large progenitors cells identified by BrdU and MIR labeling lack beta-GAL. Conversely, when moving inwards (F2-4), the small beta-GAL positive cells lack BrdU and MIR immunolabeling.
from. Based on the presence of scattered double labeled rA87/REPO cells in the region between the lateral border of CB and the ME neuropile (Fig. 7B) , and in the analysis of CB-ME radial clones containing putative migratory glia (Fig. 4) , we searched for the presence of progenitor cells at the border of the CB and underneath of the OPC using cell cycle markers. Although we did not find double labeled cells, we consistently found both BrdU labeled and mitotic (PH3-labeled) cells located in close vicinity to rA87 positive cells ( Fig. 7C and D) . Taken together, these results suggest that the medial ME neuropile glia originate from GCM negative progenitor cells located underneath the OPC close to the CB/OPC border. The expression of gcm seems to begin early in these post-mitotic glia and it is maintained during their migration towards the ME neuropile.
Despite the above results, we could not rule out that weak gcm expression below the threshold level of detection might play a gliogenic role in CB and ME progenitor cells. Thus, in order to determine whether postembryonic neural progenitor cells are sensitive to a putative gliogenic signal provided by gcm, we ectopically expressed gcm using hs-gcm transgenic flies (Bernardoni et al., 1997) . The overexpression of gcm yielded ectopic REPO positive cells in the OPC and CB of late larval brain and within the corresponding adult CB and ME neuropiles (Fig. 8A-D) . A concomitant reduction in the thickness of some areas of the ME neuronal cortex was also observed (Fig. 8E and F) , suggesting that a subset of neurons were transformed into glia. On the other hand, neither ectopic REPO labeled cells nor decrease in ELAV labeled cells were detected in the adult Lamina (not shown).
Discussion
The mosaic study that we have presented here provides new insights into lineage specificity, the characteristics of neural progenitor cells and their patterns of proliferation during postembryonic development of the Drosophila CNS. (arrows) . Note that due to the spherical shape of the optic lobe, in the optical section we can observe more internal areas in the middle (i.e. deep progenitors at the border of CB and OPC) and more superficial areas at the side (i.e. LPC and most lateral OPC progenitors, both labeled with BrdU).
Most postembryonic neurons and glia are originated from segregated progenitors
Our data indicates that neurogenesis and gliogenesis follow rather diverse developmental patterns in different regions of the larval brain. One main conclusion is that the great majority of postembryonic neurons and glia from the CB, OPC, and larval brain surface originate from segregated progenitors (either NBs or GBs). Thus, we only found mixed lineages (neurons and glia) in radial CB-ME clones and in a minority of the CB clones. Part of these lineages may correspond to the mushroom bodies, which have been previously shown to be generated by mixed lineages (Ito et al., 1997) . The segregation of neuronal and glial progenitors in the larval brain is in accordance with a clonal analysis carried out in the ventral ganglion, which only found mixed lineages in 5% of the clones (Truman et al., 2004) . Also, a mosaic analysis focusing on the first optic ganglion concluded that lamina neurons and glia are derived from distinct lineages in the LPC and GPCs, (E and F) View of one hemisphere in equivalent brain sections of control and heat shocked hs-gcm adult flies, respectively. Note the presence of ectopic REPO positive cells within the neuropile of the ME and CB of the brain subjected to heat shock, as well as a reduction in the thickness of the most posterior-lateral area of the ME neuronal cortex (ellipse).
respectively (Winberg et al., 1992) . Nevertheless, a further study found that some GPC progenitors in second instar larvae had the potential to generate both neurons and glia (Dearborn and Kunes, 2004) . However, we have found that only glia are generated from the GCM expressing progenitors of the GPCs and only neurons are produced from the LPC. We have also found that in addition to LA neurons, some ME neurons also originate from the LPC.
Strikingly, a recent study has concluded that glial proliferation in the larval CB occurs mainly from NGBs (Pereanu et al., 2005) . How can one explain such contrasting conclusions between this study and our own? Part of the difference may result from the different techniques (FLP/ FRT vs. MARCM) and Gal4 drivers (elav-Gal4 vs. tubP-GAL4) that were used to generate the clones. Since lamelliform processes of cortical glia form a very tight scaffold around neurons and neuroblasts (Younossi-Hartenstein et al., 2003) , an important factor that might have also contributed to the different conclusions is the use of membrane bound GFP. This makes rather difficult to distinguish whether the neurons embedded inside a labeled glial scaffold are part of a clone or simply caged by the labeled glial processes. To avoid this problem, we have used UAS-nlsLacZ which labels cell nuclei. Also, given the very short cell cycle (t < 1 h) of postembryonic neural progenitors (Ceron et al., 2001 ), we applied 10 min pulses for BrdU in vitro labeling instead of the long (12 h) BrdU in vivo pulses used by Pereanu and colleagues. Finally, a fourth factor might be the timing of clone generation. Since most of our clonal analyses were carried out from second instar larvae, we can not rule out the possibility that glial and neuronal progenitors had a common lineage in earlier larval stages. However, the few CB clones that we produced in early larvae were entirely neuronal. Thus, our results favor the idea that CB NBs and GBs diverged during embryonic or very early larval development. This also seems to be the case for most ME lineages. In this case, most neurons are born from the OPC while neuropile glia are generated from two sources: the lateral-posterior ME glia from the GPCs (Dearborn and Kunes, 2004) and the medial-anterior ME glia from progenitors located at the CB-OPC border (see discussion here below).
Larval brain progenitor cells exhibit diverse proliferation patterns
Our mosaic analysis also sheds some light on the origin of certain cell types and their patterns of proliferation. For instance, although both surface glia and cortical glia processes contribute to the glial layer surrounding the larval brain (Pereanu et al., 2005) , our superficial clones exclusively contained surface glia. This indicates a complete lineage separation between cortical and surface glia. Interestingly, superficial glial clones often do not respect the morphologic borders of proliferative primordia (i.e. OPC, LPC, CB, etc.) . This suggests that the development of these superficial glia may be subject to independent morphogenic cues. In addition, our data clearly show that superficial glia are proliferative. Their low mitotic index probably indicates that either they have slow cell cycles with a long interphase or that only a subset of the superficial glia are progenitor cells.
The pattern of immunostaining of the CB neuronal clones (one large progenitor and several small ELAV positive cells) fits well with the idea that CB lineages are generated by scatteredly distributed individual NBs through repetitive asymmetric divisions similar to those of embryonic NBs (Ito and Hotta, 1992; Ceron et al., 2001) . With regards to the origin of CB glia, the fact that pure glial CB clones contain a single progenitor and a few glial cells, favors a repetitive asymmetric (stem cell like) pattern of division for CB GBs (Fig. 9A) . Nevertheless, given the few clones of this type obtained, other possibilities should not be ruled out.
The pronounced changes in the geometry of OPC clones during development reflect time dependent changes in the pattern of OPC NB proliferation. Thus, as represented in Fig. 9B , the change in the shape from a broad band when generated in early stages to a thin stream of cells when generated in late stages is consistent with a switch in the division pattern from tangentially oriented symmetric divisions to radially oriented asymmetric divisions that OPC NBs experience during the third instar stage (Ceron et al., 2001 ). Interestingly, LPC-OPC clones expand tangentially in the LPC, strongly suggesting that LPC progenitors divide symmetrically a few times before yielding progeny orientated towards the LA and/or ME through asymmetric divisions (Fig. 9C) .
gcm is involved in the specification and differentiation of postembryonic neuronal and glial lineages
In the embryonic CNS, the identity of individual cells generated in small lineages is achieved by the sequential expression of a repertoire of transcription factors (Doe and Skeath, 1996; Isshiki et al., 2001) . Among them, gcm regulates the neuronal vs. glial cell fate decision in mixed lineages (Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) . In the larval brain gcm is expressed early in the lamina glial precursors of the GPCs and it is required for their differentiation (Yoshida et al., 2005; Chotard et al., 2005) . We have found that gcm probably plays a differential role in the specification of these two ME glial lineages. The lateral-posterior ME glia originate from gcm expressing precursors located at the GPCs but they lose GCM expression during their migration to the ME neuropile (Chotard et al., 2005 and our results) . On the other hand, we have shown here that the medial-anterior ME neuropile glia originate from progenitors located in the CB-OPC border which lack GCM. In these glia, GCM appears to be expressed post-mitotically all along the migratory pathway and after glia reach the neuropile. Interestingly, both groups of glia seem to migrate from their respective sites of origin to either side of the ME neuropile along axon scaffolds formed by neurons generated earlier in the respective lineages. Thus, this appears to be a strategy to direct glial migration to the correct location.
Interestingly, gcm is also expressed in the precursors of lamina neurons in the LPC (Chotard et al., 2005) . These results point to a dual role of gcm in gliogenesis and neurogenesis during postembryonic CNS development. Nevertheless, we have here found that in the CB gcm is only expressed in post-mitotic neurons of a single neuronal lineage. Together with the apparent absence of GCM expression in larval CB progenitor cells, this result strongly suggests that GCM plays a role in the specification and differentiation of this neuronal lineage rather than in neurogenesis or gliogenesis. This is also supported by the limited transformation of neurons into glial cells that we have found after the ectopic expression of gcm in the larval brain. Thus, the gliogenic capacity of gcm seems to be restricted to a small subset of larval brain progenitor cells. This may explain why mammalian Gcm genes do not seem to play a gliogenic role (Anson-Cartwright et al., 2000; Schreiber et al., 2000) in spite of being able to functionally substitute to Drosophila GCM (Akiyama et al., 1996; Altshuller et al., 1996; Kim et al., 1998) . Interestingly, a chicken Gcm ortholog is expressed in early neuronal lineages of the spinal cord and is required for neuronal differentiation (Soustelle et al., 2007) . Concomitant with a possible role in neurogenesis, it has been also found that the precocious expression of gcm in the peripheral nervous system induces neurogenesis. (Van De Bor et al., 2002) .
In summary, our results favor a role of gcm in the specification of a few postembryonic brain lineages. Thus, a different genetic strategy appears to have been selected during evolution for the generation of larger lineages of similar cells mostly arising from segregated neuronal and glial progenitors. We hypothesize that the regulated expression of a repertoire of transcription factors, including gcm, will presumably be used to orchestrate lineage specificity in the adult brain of Drosophila.
Experimental procedures
Fly strains
Flies were raised at 25°C on standard medium except for when particular conditions were required, such as heat-shock protocols that are described below. The gcm-LacZ rA87 enhancer trap line carries an insertion in the gcm promoter (Jones et al., 1995; Vincent et al., 1996) .
Mosaic analysis
Clonal mosaic analysis was carried out by generating mitotic clones with the MARCM technique (Lee and Luo, 2001 ) using two different crosses.
Cross 1 (FRT in the X chromosome): Males, y,w,FRT19A, tubP-GAL80 L1 , hsFLP 1 ; UAS-nlsLacZ 20.1 , UAS-CD8::GFP LL5 /(Cy);tubP-GAL4/TM6,Tb,Hu; Females, y w1118 P{ry+t7.2=neoFRT}19A.
Cross 2 Clones were generated by applying a heat-shock for 1-3 h at 37°C to larvae at different developmental times (26, 50, 70 , and 80 h AEL). Larvae were then allowed to develop until the late 3rd instar stage. Larval brains were dissected, fixed, and analyzed (depending on the cross) with antibetaGal or by direct visualization of GFP fluorescence, to detect and locate the clones in the larval brain.
Ectopic expression experiments
hs-gcm flies (Bernardoni et al., 1997) were grown at 18°C until they reached larval stages and then subjected to a heat shock at 37°C for 40 min, transferred to 29°C and the heat shock was repeated after 12 h. Larvae were then grown until they reached a wandering larval stage or adulthood, when their brains were dissected out and analyzed.
Immunocytochemistry
Larval brains were dissected out in PBS and fixed with 4% paraformaldehyde in PBS for 30 min at 0°C followed by another 30 min incubation with 4% paraformaldehyde and 0.1% Triton X-100 in PBS. After washing out the fixative, the larval brains were incubated overnight at 4-8°C with primary antibodies diluted in PBS containing 5% normal goat serum, 0.1% Triton X-100, and 0.02% Sodium Azide. The following primary antibodies were used: mouse anti-BrdU (Becton-Dickinson); mouse and rat anti-ELAV (Developmental Studies Hybridoma Bank); rabbit Anti-Mir (Mollinari et al., 2002) ; rabbit anti-Phosphohistone-H3 (Upstate Biotechnology); mouse anti-REPO (Developmental Studies Hybridoma Bank); mouse and rabbit anti-Beta-Gal (Sigma immunochemicals and Cappel, respectively). Fluorescent-labeled secondary antibodies (Jackson Immnunochemicals) were used according to the manufacturer's conditions. Immunolabeled samples were analyzed on a Leica TCS-SL spectral confocal microscope. Threedimensional images were generated with Leica LCS software.
